ABSTRACT The correct detection of arrivals is a crucial step in any communication system, in order to achieve frame synchronization. This step is even more relevant in underwater acoustic communications, as the medium is characterized by hazardous phenomena such as long multipath delays and non-uniform Doppler shifts, which hinder the detection process. All these phenomena make the detection of arrivals and identification of multiple users in underwater communication systems a challenging task. In this paper, a multi-user detector is presented. The detection is based on the direct-sequence code-division multiple access technique, by using a combination of two sequences as a preamble: a Zadoff-Chu sequence that provides candidate peaks and frame synchronization, and a complementary set of sequences (CSS) that validates the true Zadoff-Chu arrival while at the same time identifies the user. Both sequences are modulated using multi-carrier techniques, and the users can transmit asynchronously to the channel. In the case of CSS, multi-carrier modulation techniques allow performing channel equalization and demodulation at the receiver in a simple manner, enabling the correlation of the CSS at bit level, thus keeping its ideal correlation properties. Sea trials were conducted in February 2017 at Suruga Bay, Japan, in which the reception of two different users was analyzed under different noise and multipath conditions, as well as uniform and non-uniform Doppler shifts. The results show that, even under strong multipath and non-uniform Doppler shifts caused by roll and pitch motions, the receiver is able to detect and identify the user in 98% of the transmitted packets.
I. INTRODUCTION
After many decades of research, underwater acoustic communications remains a highly challenging topic. In addition to the attenuation and noise experienced by the acoustics waves when propagating underwater, their interactions with the sea-surface and sea-bottom, together with the refraction of sound caused by sound speed variations in the water column, result in significant multipath in the received signal. The low propagation speed of sound compared to airborne electromagnetic waves (approximately 1500 m·s −1 to 3·10 8 m·s −1 , respectively), causes this multipath delay to be long, in the order of tens or even hundreds of milliseconds [1] , while also introducing noticeable Doppler shifts. Moreover, channel phenomena are time dependent: sound speed varies with water temperature, salinity and pressure, and temperature and salinity change with depth, location and time [2] . The roughness of the sea-surface depends on wind speed, introducing fading and Doppler spread in the surface-reflected signals [3] . Furthermore, emitters and receivers operating at the sea-surface, such as on research vessels or especially on Autonomous Surface Vehicles (ASVs) due to their lighter weight, are sensitive to roll and pitch motions while transmitting or receiving the acoustic signals, causing non-uniform Doppler shifts and fading [4] . All these phenomena hinder the performance of underwater acoustic communication systems.
In any communication system, the first step is to detect the incoming signal against a background of noise and interference terms. A precise detection is crucial to achieve frame synchronization, which is later used by the receiver as the reference point to extract the information contained in the data packet. Lack of successful synchronization causes latency in the system and increased energy expense, as additional transmissions of the same data might be needed. While these problems are important in all communication systems, they are crucial underwater as the channel is characterized by a low propagation speed. This property increases significantly the latency in the system, compared to airborne radiofrequency communications. Additionally, preserving battery life is also important due to the difficulty of accessing the nodes at sea, so minimizing retransmissions is highly advisable. Thus, the accurate frame synchronization of incoming noisy acoustic signals is of utmost importance in underwater communication systems.
Different techniques have been applied to detect arrivals and achieve frame synchronization over the last decades. Most methods are based on the correlation of the received signal with a known preamble, and the validation of the subsequent peak. A maximum likelihood estimator was employed in [5] to detect as a preamble the redundancy introduced by the cyclic prefix commonly used in Orthogonal FrequencyDivision Multiplexing systems (OFDM). This method was further improved to compensate for Doppler shifts in the received signal by using a bank of correlators matched at different shifts [6] , and by using a preamble and postamble to calculate the Doppler shift by calculating the compression or dilation experienced by the received signal [7] . Linear Frequency Modulated signals (LFM), or chirps, still are a popular choice to achieve detection, frame synchronization, and Doppler estimation due to their tolerance to the Doppler effect [8] - [12] . A common alternative to chirp signals is to use a known binary sequence as a preamble (Direct-Sequence Spread Spectrum, DSSS). Sequences such as Barker codes of length 13 [13] , m-sequences [14] , a pseudonoise sequence of length 127 [15] and Gold codes of length 15 [16] have been used for this purpose. In terrestrial radiofrequency systems, complex sequences have been also utilized to detect incoming signals. Frank codes were suggested for radars due to their high Doppler resilience compared to binary codes [17] , and Zadoff-Chu sequences are currently used in Long-Term Evolution mobile communications (LTE) as the primary synchronization signal to provide OFDM symbol synchronization [18] . The amplitude of the correlation peak when using the DSSS technique as a preamble is related to the length of the employed sequence, so longer ones would provide easier detections against the correlation noise than shorter sequences. However, as Doppler shift increases there is a reduction in the amplitude of the correlation peak, where this effect is more noticeable in longer sequences [19] . Similarly to the OFDM cyclic prefix method, Doppler effect on DSSS preambles can also be compensated by a bank of correlators working in parallel, each of them matched to a different Doppler shift [20] .
The detection of acoustic signals gets more challenging when multiple users have access to the same channel. In addition to the aforementioned channel phenomena, additional interference at the receiver caused by the other users might be present (Multiple Access Interference, MAI), causing a deterioration of the system's performance due to packet collisions. In order to avoid this interference, a simple solution is to schedule the transmissions by a Time-Division Multiple Access (TDMA) protocol, where only one reception can happen at any receiver at any time. The users are assigned different time slots to communicate with each other [21] - [25] , or the arrival times are estimated in advance in order to overlap transmissions to increase channel use [26] . On the one hand, user identification and collision avoidance is straightforward. On the other hand, TDMA does not offer good scalability, and latency can noticeably grow due to the low propagation speed, depending on the number of users and their communication range. In addition, the estimation of travel times prior to transmissions can be a challenging task in scenarios with moving users and time-varying channels.
Thus, non-scheduled receptions are desirable. CodeDivision Multiple Access (CDMA) is a suitable technique to achieve detection of arrivals, frame synchronization and user identification in asynchronous systems. CDMA assigns a distinct sequence to each user (Direct-Sequence CDMA or DS-CDMA), where these sequences should have good autocorrelation and crosscorrelation properties. The number of available orthogonal sequences depends on the coding family and their length, but in general, DS-CDMA offers better scalability for multi-user detection than chirps. Thus, DS-CDMA has been used to identify different beacons in positioning systems [27] , [28] , cells or users in communication systems [14] , [18] , and cluster of nodes in sensor networks [29] . In traditional DS-CDMA receivers the users are detected in parallel, where the correlations of the received signal with all possible preambles are performed continuously, increasing computing time and reducing battery life as the number of users escalates. Additionally, as the users can access simultaneously the same channel, DS-CDMA is subject to MAI, which is caused by the crosscorrelation with all the other preambles but its own, at any particular branch of the bank of correlators [30] . This effect is greatly exacerbated when the signals from different users arrive at the receiver with different power levels, which is known as the near-far effect: the crosscorrelation signal from a closer user might mask completely the autocorrelation from an user far away, missing its detection. To mitigate this problem, Successive Interference Cancellation (SIC) [31] and separation of users in the spatial domain by time reversal [32] have been considered, at the expense of increasing the complexity of the receiver.
A different line of research is related to the search of better sequences. Complementary sequences, which are derived from Golay pairs [33] , provide ideal autocorrelation and crosscorrelation functions, so they have been used in diverse applications since the 1970s. With regard to multicarrier modulated complementary sequences, Complete Complementary Codes (CCC) have been employed for asynchronous multicarrier CDMA communications in [34] , and modified CCC were introduced to reduce the peak-to-mean envelope power ratio in multi-carrier communications in [35] . Multilevel CSS VOLUME 6, 2018 were modulated in wavelet-OFDM and used as pilot symbols to provide synchronization in a PLC communication system [36] , and in [37] , K subcarriers were phase modulated by K polyphase P3 and P4 complementary sequences to be used in a radar system, eliminating ambiguity lobes at multiples of the pulse repetition interval, and reducing the sidelobes around the mainlobe. A more exhaustive review of applications using complementary codes in wireless communications, with a special focus on MIMO systems, can be found in [38] .
The work presented here aims to improve the asynchronous detection and identification of multiple users by DS-CDMA in underwater communication systems, while keeping a simple design at the receiver. A preamble signal is employed to achieve detection, user identification, and frame synchronization, which can be used for the posterior information extraction in a communication system. This preamble consists of two sequences next to each other: the first one is a ZadoffChu sequence that is common for all users, and the second one is a different Complementary Set of Sequences (CSS) for each user. At the receiver, a correlation is performed continuously with the Zadoff-Chu sequence, which detects candidate arrivals and provides frame synchronization for all the candidates. If there is at least one candidate arrival, the CSS signal attached next to the Zadoff-Chu sequence is demodulated next, and a second correlation is performed at bit level, which validates or discard the candidate arrival and identifies the emitter in a multi-user system, in case the arrival is validated. If the correlation with the Zadoff-Chu sequence does not provide any candidate, no further check with the multiple CSS is needed.
A similar preamble design based on two sequences for underwater communications was presented in [14] , where two identical m-sequences were assigned to each node, using different sequences to identify the different nodes of the network. The approach followed in this paper differs to [14] in the following points:
• In a system of Q users, only one correlation is needed at the receiver at first (correlation with the Zadoff-Chu sequence, common to all users), instead of Q. The other Q correlations are performed only when a candidate arrival is detected, saving computing time and battery life.
• Channel equalization is applied to the received CSS, as pilot symbols are included in the multi-carrier modulation of the CSS, improving the correlation output.
• CSS have ideal autocorrelation and crosscorrelation properties, which simplifies the detection and identification of multiple users. Additionally, with regard to traditional DS-CDMA detectors, this work offers the following contributions:
• It is naturally robust against interference, as the false peaks caused by impulsive noise or other sources will not be validated by the correlation with the CSS. Thus, it efficiently detects the valid preamble and postamble, minimizing false positive detections and therefore avoiding retransmissions.
• The candidate arrivals provided by the Zadoff-Chu sequence are searched using a sliding window with an adaptive threshold based on the received energy in the window, which adds some resilience against the near-far effect.
• A Doppler threshold removes erroneous candidate arrivals that provide unusually high values of Doppler shifts, minimizing the number of candidate arrivals that have to be checked by the CSS correlation. This paper offers a considerably expanded version of the previous results presented by Aparicio and Shimura [39] , where only OFDM was considered as the modulation technique, and two simulation examples were shown: one without overlapping arrivals, and one when they overlap. In this paper, OFDM and Single-Carrier Frequency-Division Multiple Access (SC-FDMA) are considered as the modulation techniques, in order to compare their performance. Additionally, the multi-user detector is evaluated in this work with real data obtained in February of 2017 during sea experiments conducted at Suruga bay, Japan, for the detection of two users. Data were obtained under different Doppler shifts (both uniform and non-uniform), multipath, and Signal-to-Noise Ratio (SNR) conditions. It has to be noted that the details of the entire multi-user communication system are out of the scope of this paper, which focuses on the feasibility and benefits of the proposed detection method for multiple users.
The rest of the paper is organized as follows. Section II provides a description about the sequences composing the preamble, and their modulation with multi-carrier techniques. Section III describes the detection process at the receiver in detail, whereas Section IV shows an example of detection, and the results obtained from the experimental tests for the detection of two users. Section V presents a discussion of the results and future work, and finally Section VI summarizes the conclusions.
II. PREAMBLE DESIGN
In this section, the sequences conforming the preamble for the asynchronous frame synchronization and identification of multiple users are described, as well as the modulation employed to transmit them. The preamble consists of a Zadoff-Chu sequence that detects candidate arrivals and provides frame synchronization, and a CSS placed next to it, which is used to validate the true arrival within the candidates, as well as to identify the emitter. For performance comparison purposes, two different multi-carrier modulation techniques have been used to modulate these sequences: OFDM and SC-FDMA.
A. ZADOFF-CHU SEQUENCES
Due to their good autocorrelation and crosscorrelation properties, Zadoff-Chu sequences are used in LTE mobile communications as the primary synchronization signal to provide OFDM symbol synchronization, as well as to calculate the carrier frequency offset [18] . However, its performance in underwater environments is yet to be explored. In order to assess its behavior in the hazardous underwater channels, they have been employed in this work to detect candidate arrivals and to provide frame synchronization for the demodulation of the contiguous CSS.
Zadoff-Chu are complex (polyphase) sequences that can have any integer length, L. If L is odd and considering p as the smallest prime divisor of L, a set of size M ZC = p − 1 sequences with a periodic out-of-phase autocorrelation value of zero and a periodic crosscorrelation value of 1/ √ L can be obtained. The i-th element of the M j -th sequence of the set, u M j i , is calculated according to [40] :
where M j is the multiplicative inverse of j with respect to modulo L arithmetic, and 1 ≤ j ≤ p − 1. Fig. 1 shows the autocorrelation function (ACF) of a Zadoff-Chu sequence of length 61, where the maximum appears at a delay (τ ) of 0 samples with a peak amplitude equal to the length of the sequence, N . In this case the sidelobes are not zero since an aperiodic autocorrelation has been considered. Nevertheless, the ratio between the highest sidelobe magnitude (for any τ = 0) and the mainlobe magnitude (τ = 0), which is known as the Sidelobe-to-Mainlobe Ratio (SMR), is 0.0618, very close to an ideal value of 0, indicating that the ACF of the Zadoff-Chu sequence has good behavior even for aperiodic correlations. As a reference, this value is smaller than the aperiodic ACF of m-sequences of length 63, which provides an SMR of 0.0952. 
B. COMPLEMENTARY SET OF SEQUENCES
Complementary Set of Sequences (CSS) are a generalization of Golay pairs [33] . A CSS consists of M binary sequences
(1 and −1) in a set, where each of the M sequences has length L, M is a power of two, and L is a power of M :
where m, l belong to the set of natural numbers, excluding zero. If the ACF of a sequence S i of the set, ACF S i , is given by
where i = 1, 2, . . . , M , then the sum of the autocorrelation functions (SACF) of the M sequences of the set has the following property:
where δ is the Kronecker delta function. This way, whereas the ACF of the sequences of the set have sidelobes, the SACF provides a maximum of magnitude M · L for τ = 0, and a value of 0 otherwise. The ACF and SACF of a CSS of M = 2 sequences of length L = 32, denoted from now on as 2-CSS of length 32, is represented in Fig. 2 , which shows the ideal behavior of the SACF. 
whereas the sum of crosscorrelation functions (SCCF) obeys:
Which means that the sum of all the CCF of the i-sequences of any pair of members a and b from the orthogonal set provides an ideal crosscorrelation. This behavior is presented in Fig. 3 , which shows the CCF and SCCF of a orthogonal pair of 2-CSS of length 32. This way, by building a group of M o orthogonal members of M -CSS of length L, M o different users can be identified after assigning a different M -CSS of the group to each user, where their SACF will have a SMR of 0, and the SCCF between the M o users will have no sidelobes. These ideal autocorrelation and crosscorrelation properties are the reason why CSS have been selected in this work to validate the candidate arrivals provided by the Zadoff-Chu detection, while also identifying the user that made the transmission.
C. MODULATION OF THE PREAMBLE SIGNALS
In order to be emitted to the channel, the preamble signals are modulated to the carrier frequency and bandwidth of the transmitter. The transmitter used in this work was developed by Hitachi Ltd., and had a bandwidth of 8 kHz between 13 and 21 kHz, with an almost constant frequency response in that bandwidth. As mentioned in Section I, the preamble sequences have been modulated in two different multi-carrier modulation techniques, in order to compare their performance: OFDM and SC-FDMA. Both multi-carrier techniques offer promising features, such as easy modulation and demodulation based on the Fourier tranform, simple channel equalization in the frequency domain, and some multipath resilience by the introduction of a guard interval, so they have gained popularity in the last decade in underwater communication systems. The readers are referred to [12] , [41] , and [42] and references therein for a detail description of both multi-carrier modulation techniques, which is out of the scope of this paper.
The first preamble signal consists of a Zadoff-Chu sequence of length 61. The 61 complex symbols are modulated to a center frequency f c of 17 kHz by mapping the symbols to the first 61 of a total of K = 64 subcarriers. Since the bandwidth B is 8 kHz, the subcarriers are separated f = B/64 = 125 Hz. No pilot symbols or cyclic prefix are included in the modulation of this sequence, since the correlation is going to be conducted at the receiver in the time domain with the modulated signal. After modulation, the Zadoff-Chu signal has a duration of 8 ms. As stated in Section I, this Zadoff-Chu signal is common to all users, and it is the pattern that is continuously looked for in the receivers by a matched filter, providing candidate arrivals. Despite the sidelobes introduced by the multi-carrier modulation and the aperiodic correlation at the receiver, the envelope of the ACF provided by the matched filter shows a clear peak for τ = 0, as presented in Fig. 4 . The envelope of the ACF is used to smooth the correlation sidelobes introduced by the modulation, in order to ease the detection of the peak. With regard to the CSS, as opposed to other coding families where one sequence is assigned to one user, CSS assigns one set of sequences to one user. A practical solution to transmit this set of sequences has been to interleave or concatenate the bits of the M sequences of the set to generate one macrosequence of length M · L for each user. This macro-sequence can be then modulated in Binary Phase-Shift Keying (BPSK), transmitted and correlated at the receiver in the time domain with the modulated signal, but the ideal correlation properties are lost [43] . 
This way, the 2-CSS of length 32 are mapped to 32 complex QPSK symbols, which are interleaved with 32 pilot symbols, in order to perform channel equalization at the receiver. The total 64 symbols are then assigned to K = 64 subcarriers, where the pilot symbols are assigned to the odd subcarriers, and the CSS symbols to the even subcarriers. Since the CSS have to be demodulated, it is crucial to avoid MAI to achieve a correct detection after the correlation with the original 2-CSS of length 32. In this work, MAI is avoided by considering a localized distribution of the subcarriers. This way, both users utilize a bandwidth B = 2.5 kHz, but centered at frequencies of 15 kHz (user 1), and 19 kHz (user 2). In this case, f = 2500/64 ≈ 39 Hz and the duration of the multi-carrier modulated CSS is 25.6 ms. To minimize the effect of multipath in the demodulation, a cyclic prefix of 12.8 ms (50% of the modulated CSS) has been added at the beginning of the CSS signal as a guard interval, obtaining a total duration of 38.4 ms. The total preamble duration is then 46.4 ms. The properties of the preamble signals are summarized in Table 1 . As opposed to a detection method that would analyze the energy contained in both frequency bands by an accumulator and threshold level to identify the users, it has to be noted that such method would be more sensitive against interference terms and noise in those frequency bands. In the detection method proposed in this paper, the demodulation of the CSS and its correlation at bit level provides robustness against those effects, as the probability to obtain a peak in such situations after demodulation is negligible.
III. RECEIVER DESIGN
This section describes the receiver that has been designed to detect and identify multiple users. This receiver is continuously sampling the signal captured by the hydrophones, y(t), at a sampling frequency f s , storing a block of N samples 
where is the convolution operator. The sampled signal first goes through a pre-processing block, which consists of a bandpass filter to remove noise out of the frequency band of interest (13 to 21 kHz), and a clipping threshold. This clipping threshold is used to minimize the effect of strong interference terms, which can mask the detection of the Zadoff-Chu peaks. The clipping amplitude level A c is related to the average energy contained in the block of N samples by:
where C is a constant that is set empirically at the design stage, based on the average energy that is expected in that block when a packet is present.
After the pre-processing block, the receiver feeds the N samples to the detector block, where a matched filter looks for the Zadoff-Chu signal by using a sliding window of size N , where N < N . A peak detector available in Matlab [44] looks for potential peak candidates inside each sliding window, and compares the amplitude values provided by the peak detector with a threshold A ZC related to the average energy of the N samples of the sliding window by a constant C ZC . Additionally, it compares the amplitude of the candidate peaks with the surrounding data, in order to discard false peaks that do not stand out significantly over the correlation noise. By an appropiate setting of A ZC and N at the design stage, low amplitude peaks could also be detected in the same block that contains high amplitude peaks, providing some resilience to the near-far effect if the peaks are not too close and the difference in power is not acute. This sensitivity can be regulated as a trade-off between the sliding window size N , the threshold level A ZC and the computing time. Spurious peaks with high amplitude caused by interference terms might also be detected at this stage, and therefore, the matched filter provides a list of n p peaks. In this work, a postamble consisting on the same Zadoff-Chu signal than the one included in the preamble is used for later Doppler compensation. Thus, as any arrival should have at least two peaks (preamble and postamble), the n p peaks correspond to n c candidate arrivals, given by:
For all n c candidate arrivals, Doppler shift D is calculated next based on the compression or dilation experienced by the received signal, by calculating the samples between the candidate pair of preamble and postamble. The calculated Doppler shift is compared to a threshold level D th , discarding those candidates in which D > D th . This Doppler threshold VOLUME 6, 2018 reduces the set of n c candidate arrivals to n c . For those final n c candidate arrivals, only if n c 1 the samples between the preamble and postamble are extracted, Doppler is compensated by a resampling operation and the samples corresponding to the CSS are fed to Q branches, where Q is the number of users, in order to look for the different users in parallel. At each branch the signal goes through a second bandpass filter set to the specific bandwidth of each user, followed by multi-carrier demodulation. After guard interval removal and demodulation, the received information Y [k] is contained in the K subcarriers:
where 
where mod represents the modulo operation. This way, the K /2 received pilots allow to calculate the K /2 samples of the channel response at the odd subcarriers. The samples at even subcarriers are obtained by piecewise cubic polynomial interpolation, obtaining then the total K samples of the channel response in the frequency domain. The equalized CSS symbols X eq [n] are obtained as follows:
where n = 1, . . . , L, and k = 1, . . . , K . After equalization, the X eq [n] symbols are demapped into X eq i [n], where i = 1, . . . , M , obtaining the received M-CSS of length L. In this work, for each of the L = 32 samples of the M = 2 sequences, binary sample n from sequence i is recovered after bit decision:
Once the 2-CSS of length 32 are recovered, the correlation is performed with the original CSS. As it was shown in Fig. 2 , the SACF of the CSS provides a maximum at τ = 0 with a value of M · L, and 0 when τ = 0. This property simplifies the peak detector for the CSS, since it only has to look for the value at τ = 0 and compare that value with a threshold. In this work, a CSS correlation peak of amplitude A p is validated as an arrival if the normalized amplitude φ satisfies:
By comparing all the normalized peak amplitudes from the different Q branches, the detector is able to validate those candidate arrivals that meet the condition given in (16) , at the same time that identifies the user. Additionally, it has to be remarked that the search for the multiple users is only performed when n c 1, otherwise the detector stops and waits for the next block of samples. A block diagram of the detector is represented in Fig. 5 , whereas the constants and threshold levels that have been used in the detector are gathered into Table 2 .
IV. EXPERIMENTAL RESULTS
This section shows the results that were obtained at sea trials in order to validate the presented multi-user detector. Tests were carried out in February 2017 in Suruga bay, Japan, at three locations: (A), (B) and (C), marked in Fig. 6 with black dots. In each location, a platform was deployed from the research vessel Kairei and was moored at the sea-bottom at depths of approximately 950 m (A), 1968 m (B) and 2735 m (C), whereas a second platform was placed at the seasurface and tied to the vessel by a rope, as illustrated by Fig. 7 . This configuration allowed to introduce Doppler shifts in the received signals, as the vessel was moving in a lawn mower pattern around the moored platform while the transmissions were taking place. In addition, the floating device was especially affected by roll and pitch motions caused by surface waves, which added non-uniform Doppler shifts and fading to the signals recorded on this device. The vessel was less sensitive to these phenomena due to its larger weight, but its data contained strong impulsive noise that was not present in the platforms data. Data were emitted as follows. In each location, the moored platform transmitted sequentially the data packets from Q = 2 users, characterized by center frequencies of 15 kHz (user 1) and 19 kHz (user 2). 16 packets were transmitted every 5 minutes: 4 packets per user and modulation scheme (OFDM and SC-FDMA). After propagating through the underwater channel, the packets were received by both the floating device and the vessel, and were stored for later processing. This configuration was kept for 90 minutes. After this time, the moored platform switched to receiver mode, listening and storing the data transmitted now by the floating device, which emitted the same packet schedule than the moored platform. In this last configuration, due to the directionality of the floating device's transmitter (±40 • ) only the recorded data at the moored platform have been considered, which explains the fewer data available at the vessel, compared to the platforms. This process was repeated at the three locations. Since the data recorded at the moored platform and the floating device presented similar features as opposed to the vessel data, the moored platform and floating device data sets have been combined into one, for clarity when presenting the results. Next, an example that illustrates the detection process at the receiver introduced in Section III will 22060 VOLUME 6, 2018 are the normalized peak amplitudes φ of the SACF and SCCF, and the Cumulative Distribution Function (CDF) of φ for the SACF, which indicates the proportion of measures above a certain value φ i . It has to be noted that the maximum value of the SCCF has been considered, even for τ = 0, in order to test if there is any situation in which the SCCF could grow above the threshold.
A. EXAMPLE OF DETECTION
In order to illustrate the detection process at the multi-user receiver, and example considering one of the received packets VOLUME 6, 2018 at the vessel in location (A) is described next in detail. In this example, the preamble was modulated in OFDM and the packet corresponded to user 1, which emitted at a center frequency of 15 kHz. (10), which remove part of the interference.
2) The captured block contains multipath from user 2 at the beginning of the arrival, as the received energy is located at a center frequency of 19 kHz. The preamble signal is affected by this multipath. 3) There is another multipath signal at the end of the block, in this case from user 1, arriving approximately 1.1 s later than the main path, which corresponds to a surface-bottom reflection. 4) The block also contains a constant noise signal with a frequency of approximately 19 kHz. Both interference and noise are thought to be caused by the vessel, since they were not observed in the signals recorded on the floating device and the moored platform. The clipped signal is fed to the detector block, where a filter matched to the OFDM modulated Zadoff-Chu signal looks for candidate peaks. The result of this correlation process is shown in Fig. 9 , where in this case n p = 4 peaks are found, which correspond to n c = 6 candidate arrivals according to (11) . The interference at 0.72 s is detected as a peak by the detector, but that is not the case for the interference at 1.23 s, probably because the peak is not above the surrounding data condition.
Doppler is calculated next for the n c = 6 candidate arrivals based on the compression or dilation calculated from the received packet length, as provided by the pair of peaks assumed as preamble and postamble, and compared to the Doppler threshold D th of 100 Hz. The calculated Doppler shifts are gathered into Table 3 , where it can be seen that only the preamble and postamble corresponding to the pair of peaks (1)- (4) provide a physically meaningful value, which allows to discard the other five candidates without any further operation at the receiver. The signal within peaks (1)- (4) is extracted from the block and Doppler is compensated by a resample operation to match the expected length of the signal, which is known by design. After the resampling operation, the CSS samples are fed to the Q = 2 branches of the detector. At branch q, where q = 1, . . . , Q, the CSS signal goes through a second bandpass filter, OFDM demodulation and channel equalization in the frequency domain, based on the received pilot symbols, obtained from (13) . The magnitude and phase of the calculated Channel Impulse Response (CIR) in the frequency domain for the K = 64 subcarriers is shown in Fig. 10 . The blue circles indicate the channel response as calculated from the pilot symbols (odd subcarriers), whereas the black squares represent the interpolated channel response at even subcarriers. Frequency-selective fading can be observed in this channel response. For illustration purposes, a correlation with a 200 ms chirp signal received shortly after the arrival of the packet illustrates the channel response in time domain. This correlation can be seen in Fig. 11 , where the main arrival is followed by a multipath with smaller amplitude, arriving approximately 5 ms later. This multipath is originated by a surface reflection.
The complex equalized CSS symbols obtained from (14) are demapped next to recover the 2-CSS of 32 bits, and bit decision is applied to each received sequence S q i according to (15) , where i = 1, 2 and q = 1, 2. After bit decision the SACF is calculated at the Q branches with the known CSS from each user following (5), and a peak detector looks for the amplitude at τ = 0. The results for the demodulation and correlation are shown in Fig. 12a for user 1, and Fig. 12b for user 2. The input SNR at the OFDM demodulator of user 1 was 12.76 dB.
Even under a frequency-selective channel that affect the subcarriers differently, as shown in Fig. 10 , channel equalization greatly corrects this distortion, obtaining in this example only 2 erroneous bits in each of the two sequences of the set. These erroneous bits introduce sidelobes in the SACF as observed in Fig. 12a for user 1, but nevertheless, the peak appears at τ = 0, and it is still clearly distinguishable, with an amplitude A p = 58. For user 2, after the second bandpass filter the signal fed to the OFDM demodulator consists of noise, since there is no signal at that frequency band at the samples were the CSS signal is extracted. After demodulation VOLUME 6, 2018 and bit decision some of the bits match the CSS bits by chance, causing that the correlation is not ideally zero for all delays. Nonetheless, the maximum value does not occur at τ = 0, and its amplitude is considerably smaller than the peak obtained for user 1. The comparator checks both correlation outputs and can easily decide that the arrival within peaks (1)-(4) at branch q = 1 is valid, since the relative amplitude φ = 58/(32 · 2) = 0.9062 meet the condition set in (16) . This way, the arrival within peaks (1)- (4) is validated and user 1 identified as the emitter of this packet. The process described in this section is applied from now on to all the received packets from both users to test the performance of the detector.
B. LOCATION (A)
224 packets were transmitted from the moored platform and received at the vessel and the floating device, where they were stored for later processing. This transmission started at 09:30 and ended shortly before 11:00. At 11:00 the floating device and the moored platform switched to transmitter and receiver, respectively. The floating device transmitted 288 packets, that were recorded at the moored platform. The difference in the number of packets is due to a problem in the moored platform transmitter between 10:10 and 10:30, which caused that all the packets sent at one of the predefined transmission levels were distorted, so they have not been considered in the study. After the experiment, the vessel data set have 224 packets, and the platforms data set have 512 packets, where in each case, half of the packets use OFDM preambles, and the other half SC-FDMA preambles. As no significant differences have been observed in the results from user 1 and user 2, their input SNR, SACF and SCCF results have been combined, for the sake of clarity in the figures. Fig. 13 shows the input SNR at the OFDM demodulator for the vessel data set (Fig. 13a) , and the platforms data set (Fig. 13b) . The input SNR at the SC-FDMA demodulator provided similar values than at the OFDM demodulator. The input SNR varied from 50 dB to 10 dB, effectively testing the receiver for a wide range of noise conditions. Fig. 13c and Fig. 13d show the normalized amplitudes after the correlation with the CSS for the packets recorded at the vessel and the platforms, respectively. The normalized SACF is represented in blue dots for the OFDM preambles and black squares for the SC-FDMA preambles, whereas the normalized SCCF is depicted in red crosses for the OFDM preambles and purple crosses for the SC-FDMA preambles. The black dashed line indicates the detector threshold. As it can be seen for both data sets, the falls in SNR correspond to lower normalized amplitudes of the correlation peaks. The results show that the SC-FDMA preambles are more sensitive to this phenomenon, as they provide lower normalized amplitude peaks than the ones modulated in OFDM. In the vessel data set, some normalized amplitudes obtained from the SC-FDMA preambles are below the detection threshold, whereas all the OFDM preambles are correctly detected. In the platform data set there are some erroneous detections for both modulation techniques, but the number of wrong detections is larger when using SC-FDMA preambles. The worse behavior obtained with the platform data set with regard to the vessel data set is due to the non-uniform Doppler shifts caused by roll and pitch motions, together with the fading caused by the transmitter's directionality of the floating device, since this behavior is observed more frequently on the results recorded at the moored platform. The CDF of the normalized amplitudes of the correlation peaks is shown for the vessel dataset on Fig. 13e for the SACF (blue line) and SCCF (red line) obtained with OFDM preambles, and the SACF (black line) and SCCF (purple line) obtained with SC-FDMA preambles. SC-FDMA clearly provides worse SACF peaks, as 16% of the SACF in the vessel data set are below the threshold magnitude of 0.5, whereas 100% of the SACF obtained with OFDM were above the threshold. On the platforms, 93% of the peaks obtained with OFDM preambles were above the threshold, whereas this condition is only satisfied on 66% of the SC-FDMA signals. As expected, the SCCF have similar behavior in both cases, since only noise is demodulated and correlated. All the SCCF were below the threshold level.
C. LOCATION (B)
The transmission process in Location (B) was the same than in (A). The moored platform transmitted 288 packets between 09:30 and 11:00, that were recorded at the vessel and the floating device. At 11:00, the floating device started the transmission of the same 288 packets, which were recorded at the moored platform. The platforms data set have then 576 packets. In both data sets, half of the packets contains OFDM preambles, and the other half are SC-FDMA preambles.
The input SNR at the OFDM demodulator is shown in Fig. 14a for the vessel data set, and in Fig. 14b for the platforms data set. In this experiment, the SNR ranged between 20 and 40 dB. The normalized peak amplitudes for the correlation with the CSS in the vessel data set are shown in Fig. 14c , where it can be observed that all preambles (both OFDM and SC-FDMA) were correctly detected with φ > 0.9 in all cases. The values for the SCCF exhibits the same behavior than the previous location, where all of them are under the threshold. The normalized peak amplitudes for the platforms data set are shown in Fig. 14d , where again this data set exhibit poorer bevahior than the ship data set, because of the non-uniform Doppler shifts and fading. Nevertheless, all OFDM preambles were correctly detected in this case, and only three SC-FDMA preambles were missed. The CDF of the normalized peak amplitudes are shown in Fig. 14e for the vessel data set, and Fig. 14f for the platforms data set. The performance was flawless at the vessel with both preamble modulations, whereas at the platforms, 95% of the OFDM modulated CSS provided peaks with φ > 0.65, and 95% of the SC-FDMA modulated CSS provided peaks with φ > 0.59. The improvement of the performance in location (B) compared to location (A) is believed to be caused by the fewer multipath present in the received packets. 
D. LOCATION (C)
The results obtained in this location did not differ much from the ones at location (B), so the figures are going to be omitted to alleviate this section. 217 packets were recorded at the vessel (109 with OFDM preambles and 108 SC-FDMA preambles), whereas 512 packets were recorded between the two platforms, half of them containing OFDM preambles, and the other half SC-FDMA preambles.
All the 217 preambles were correctly detected and the users identified using the vessel data set, whereas 3 out of 256 SC-FDMA preambles were not correctly detected using the platforms data set. The 256 OFDM preambles from the platforms data set were correctly detected. These results are aligned with the previous ones, indicating that the preambles modulated with SC-FDMA are more sensitive to non-uniform Doppler shifts and fading, whereas OFDM provides more robust detections.
V. DISCUSSION
The results from the three experiments are summarized in Table 4 , for the vessel and platforms data sets, for the three locations and both multi-carrier modulation techniques. The table gathers the number of transmitted packets per modulation technique, as well as the validated preambles and the minimum value of φ for the SACF obtained for the best 75% receptions, noted as φ 75 .
Attending to the vessel data set, the OFDM preambles were correctly detected in 100% of the 365 packets, which proves the resilience of the detection method against impulsive noise and interference. The detection was not so efficient with SC-FDMA preambles since some packets were missed, but nevertheless the detection was successful in 96.15% of the packets (350 out of 364 packets). The OFDM preambles also provided higher peaks in the correlator, as indicated by the values of φ 75 . With regard to the platforms data set, the OFDM preambles were correctly detected in 98.12% of the packets (785 out of 800 packets), whereas the SC-FDMA preambles were detected in 89.12% of the packets (713 out of 800 packets). Similarly than on the vessel data set, OFDM preambles provided higher peaks at the correlator output. With regard to the identification of users, no situation was observed in which the user was identified incorrectly.
These results indicate that the receiver presented in this work provides high performance for the asynchronous detection and identification of multiple users. OFDM modulated preambles seem more suitable than the SC-FDMA ones. The only difference between the two modulation schemes is the extra Fourier transforms at the emitter and the receiver when using SC-FDMA, which result in its single carrier nature. This nature seems to be more affected by multipath, fading and Doppler than OFDM. From all the observed phenomena, non-uniform Doppler and fading caused by roll and pitch motions were the most hazardous ones, as suggested by the performance deterioration on the platforms. Multipath, although especially present at location (A), was greatly mitigated by the guard interval, as shown on the vessel data, providing successful detections for most packets and being only relevant when coupled with Doppler and fading. Interference terms were also mitigated by the detector.
As a future work, the results have shown that the SCCF remains constant, but with normalized amplitudes between 0.2 and 0.4. Despite these amplitudes not being at sample τ = 0, it would be desirable to also recover the ideal crosscorrelation property of the CSS. To that end, the CSS should be modulated in all the bandwidth for all users, in order to stop feeding noise to the other Q − 1 branches of the detector. At the same time, this approach will also provide shorter CSS signals, which might not be that greatly affected by Doppler. In addition, it would also add better scalability to the number of users since the bandwidth does not have to be divided by Q users. However, in that case the preambles can be affected by MAI. Thus, the influence of MAI will also be an important topic to analyze, by overlapping the arrivals under different received power levels. Alternatively, the performance of longer CSS sequences, and other modulation schemes for the CSS, such as QPSK, will be tested in the future.
VI. SUMMARY AND CONCLUSIONS
In this paper, a detector that provides frame synchronization and identifies multiple users has been presented. In order to achieve this multi-user detection, a preamble signal that consists of two sequences has been designed: the first one, a Zadoff-Chu sequence, provides candidate arrivals whereas the second one, a multi-carrier modulated CSS, validates the correct arrival and identifies the emitter. In addition, this detector is resilient against inteference and multipath, as they will not be validated by the second preamble signal, and can increase battery life and resources at the receiver as only one sequence is looked for at first, instead of Q, as it is common in CDMA systems. The experimental results obtained at three different locations, with distinctive depths, noise and multipath components, have shown that the receiver is able to detect the arrival and identify the users by using OFDM modulated CSS in all the packets recorded at the vessel, which are affected by interference and multipath, and 98% of the packets recorded at the platforms, even under strong non-uniform Doppler shifts and fading. 
